We investigate the effect of spin-orbit and spin-spin couplings on the estimation of parameters for inspiralling compact binaries of massive black holes, and for neutron stars inspiralling into intermediatemass black holes, using hypothetical data from the proposed Laser Interferometer Space Antenna (LISA). We work both in Einstein's theory and in alternative theories of gravity of the scalar-tensor and massivegraviton types. We restrict the analysis to nonprecessing spinning binaries, i.e. to cases where the spins are aligned normal to the orbital plane. We find that the accuracy with which intrinsic binary parameters such as chirp mass and reduced mass can be estimated within general relativity is degraded by between 1 and 2 orders of magnitude. We find that the bound on the coupling parameter ! BD of scalar-tensor gravity is significantly reduced by the presence of spin couplings, while the reduction in the graviton-mass bound is milder. Using fast Monte Carlo simulations of 10 4 binaries, we show that inclusion of spin terms in massive black-hole binaries has little effect on the angular resolution or on distance determination accuracy. For stellar-mass inspirals into intermediate-mass black holes, the angular resolution and the distance are determined only poorly, in all cases considered. We also show that, if LISA's low-frequency noise sensitivity can be extrapolated from 10 ÿ4 Hz to as low as 10 ÿ5 Hz, the accuracy of determining both extrinsic parameters (distance, sky location) and intrinsic parameters (chirp mass, reduced mass) of massive binaries may be greatly improved.
I. INTRODUCTION
The Laser Interferometer Space Antenna (LISA) is being designed to detect gravitational-wave (GW) signals in the frequency band between 10 ÿ4 Hz and 10 ÿ1 Hz [1] . Ground-based interferometers such as LIGO, GEO, VIRGO and TAMA are sensitive in a higher frequency band, between 10 Hz and 10 3 Hz. Operating at these low frequencies, LISA can detect, among other sources, inspirals and mergers of massive black holes (MBH) with masses in the range 10 4 -10 7 M . Another promising source is the inspiral and capture of stellar-mass compact objects -such as neutron stars (NS) or black holes (BH)by intermediate-mass black holes with masses in the range 10 2 -10 5 M .
Gravitational radiation reaction drives the inspiral of these binaries. The amplitude and phase of the gravitational-wave signal carry information about binary parameters, such as masses and spins, and about the location and distance of the binary. They may also be different in different theories of gravity. Therefore LISA can provide important astrophysical information, yield interesting tests of fundamental physics, and place bounds on alternative theories of gravity. In this paper, we consider, along with standard general relativity, theories of the scalar-tensor type (the simplest exemplar being that of Brans and Dicke) and theories with an effective mass in the propagation of gravitational waves (which we call massive graviton theories, for short). In scalar-tensor theories the phasing evolution is modified predominantly by the presence of dipole gravitational radiation reaction in the orbital evolution (in general relativity the lowest radiative multipole moment is the quadrupole). In massive graviton theories the gravitational-wave propagation speed depends on wavelength: this generates a distortion in the time of arrival (and in the wave phasing) with respect to general relativity, similar to the dispersion of radio waves by interstellar plasma.
Previous papers [2 -6] derived bounds on the graviton mass, on the Brans-Dicke parameter ! BD and on parameters describing more general scalar-tensor theories under the assumption that the compact objects do not carry spin. In this paper we investigate the effect of spin-orbit and spin-spin couplings both on the estimation of astrophysical parameters within general relativity, and on bounds that can be placed on alternative theories. We restrict our analysis to nonprecessing spinning binaries, i.e. binaries whose spins are perpendicular to the orbital plane. The effect of nonaligned spins and the resulting precessions will be considered in future work.
Within Einstein's general relativity, various authors have investigated the accuracy with which LISA can determine binary parameters including spin effects. Cutler [7] determined LISA's angular resolution and evaluated the errors on the binary masses and distance considering spins aligned or antialigned with the (orbital) angular momentum. Hughes [8] investigated the accuracy with which the redshift can be estimated (if the cosmological parameters are derived independently), and considered the black-hole ring-down phase in addition to the inspiralling signal. Seto [9] included the effect of finite armlength (going beyond the long wavelength approximation) and found that the distance and angular resolution accuracy improve. This happens because the response of the instrument when the armlength is finite depends strongly on the location of the source, which is tightly correlated with the distance and the direction of the orbital angular momentum. Vecchio [10] provided the first estimate of parameters for precessing binaries when only one of the two supermassive black holes carries spin. He showed that modulational effects decorrelate the binary parameters to some extent, resulting in a better estimation of the parameters compared to the case when spins are aligned or antialigned with angular momentum. More recently, Hughes and Menou [11] studied a class of binaries, which they denoted golden binaries, for which the inspiral and ring-down phases could be observed with good enough precision to carry out valuable tests of strong-field gravity.
These earlier works (except for [11] ) adopted analytical approximations to LISA's instrumental noise [7] , augmented by an estimate of white-dwarf confusion noise [12] in the low-frequency band. In this paper we model the LISA noise curve by a similar-albeit slightly updated -analytical approximation [13] . This noise curve has the advantage of being given in analytical form, and reproduces very well the salient features of numerical noise curves available online from the LISA Sensitivity Curve Generator (SCG) [14] , a tool sponsored by the LISA International Science Team.
Our central conclusions are as follows. Inclusion of nonprecessing spin-orbit and spin-spin terms in the gravitational-wave phasing generally reduces the accuracy with which the parameters of the binary can be estimated. This is not surprising, since the parameters are highly correlated, and adding parameters effectively dilutes the available information. Such an effect has already been described within Einstein's general relativity in the context of ground-based detectors of the LIGO/VIRGO type [15, 16] . For example, for massive black-hole binaries at 3 Gpc, we find that including spin-orbit terms degrades the accuracy in measuring chirp mass by factors of order 10, and in measuring the reduced mass parameter by factors of order 20 -100; while including spin-spin terms further degrades these accuracies by factors of order 3 and 5, respectively. For neutron stars inpiralling into intermediate-mass black holes (IMBH) with masses between 1000 and 10 4 solar masses, the corresponding reductions are factors of order 20 and 5-30 in chirp mass and reduced mass parameter, respectively, when spin-orbit is included, and additional factors of order 4 and 7, respectively, when spin-spin terms are included.
When we consider placing bounds on alternative theories of gravity, for technical reasons, we treat only spinorbit terms. The source of choice to place bounds on the coupling parameter ! BD of scalar-tensor gravity is the inspiral of a neutron star into an intermediate-mass black hole. We first reproduce results of earlier work [5] , apart from small differences arising from corrected normalization of the LISA noise curve. Including spin-orbit effects reduces the bound on ! BD significantly, by factors of order 10 -20. For example for a 1:4M neutron star inspiralling into a 400M black hole, the bound on ! BD goes from 8 10 5 to 40 000 when spin-orbit terms are included. The latter bound should be compared with the bound of 40 000 from Cassini measurements of the Shapiro time delay [17] .
The effect of including spin on bounding the graviton mass is more modest. In this case, the source of choice is the inspiral of binaries of massive black holes. For masses ranging from 10 5 M to 10 7 M , the reduction in the bound induced by the inclusion of spin-orbit terms is only a factor of 4 to 5.
We consider the effect of spin terms on the angular and distance resolution of LISA. We find that spin couplings have a mild effect on the angular resolution, on the distance and, as a consequence, on the redshift determination for massive black-hole binaries. By contrast, for stellar mass objects inspiralling into intermediate-mass black holes, neither distance nor location on the sky is very well determined.
LISA can observe massive black-hole binaries with large SNR out to large values of the cosmological redshift. If the corresponding mass and distance determinations are accurate enough, LISA will be an invaluable tool to study structure formation in the early Universe. Using Monte Carlo simulations we find that LISA can provide accurate distance determinations out to redshift z 2 for source masses 10 7 M , and out to z 4 for source masses 10 6 M . Mass determinations strongly depend on an accurate treatment of spin effects.
Finally, we study the effect of LISA's low-frequency sensitivity on the accuracy of estimating parameters for massive black-hole binaries (similar investigations can be found in [18, 19] ). Below 10 ÿ4 Hz, the noise characteristics of LISA are uncertain. We show, however, that if LISA's noise spectral density can be uniformly extrapolated from 10 ÿ4 to 10 ÿ5 Hz, then the accuracy of estimating both extrinsic parameters such as distance and sky position and intrinsic parameters such as chirp mass and reduced mass, as well as the graviton mass, can be significantly higher, especially for higher-mass systems.
The paper is organized as follows. In Sec. II A we discuss the procedure for estimating binary parameters and the parameters of alternative theories when we average over all sky directions and binary orientations; this essentially ignores modulational effects due to the motion of the spacecraft. In Sec. II B we relax this assumption, and present the relevant equations for estimation for a given source direction and orientation. In Sec. II C, we discuss the LISA noise curve to be used. Section III presents our results. In Sec. III A we show the results for estimates assuming averaging over directions. In Sec. III B we carry out a Monte Carlo analysis of 10 4 binaries distributed over the angles describing the relative orientation of the binary with respect to LISA and discuss the accuracy with which binary parameters can be estimated. Though somewhat more accurate, this procedure is still affected by various approximations. In Sec. III C we use Monte Carlo simulations to investigate the dependence of parameter estimation on the redshift of the source. In Sec. III D we study the effect of the LISA low-frequency noise. Section IV summarizes our main conclusions. In Appendix A we summarize for completeness the main equations used in this paper to describe LISA's configuration, orientation and response, as derived in Ref. [7] . In Appendix B we discuss some subtleties in estimating binary parameters within the Fisher matrix formalism in alternative theories of gravity when we include spin effects.
Throughout this paper we use units in which G c 1.
II. ESTIMATION OF PARAMETERS IN NONPRECESSING SPINNING COMPACT BINARIES
We assume that two independent Michelson outputs h t with I; II can be constructed from the readouts of the three LISA arms if the noise is totally symmetric (see, for example, [7] ). We take two approaches to estimating parameters. In the first approach (Sec. II A), we assume that the orientation and location of the source and the orientation of LISA are unimportant in estimating intrinsic parameters such as masses or theory-dependent parameters. These orientation dependences are contained in a number of angle-dependent functions, called pattern functions. Accordingly, we derive results using only one Michelson output, and we average over the pattern functions.
In the second approach (Sec. II B), we are also interested in the accuracy of determination of direction and distance to the source, and thus we do not wish to average a priori over pattern functions. Instead, we carry out Monte Carlo simulations of measurements using a population of sources across the sky, and we study the distribution of accuracies of parameter estimation. In this case, we use both one and two Michelson detectors. We use the by now standard machinery of parameter estimation in matched filtering for gravitational wave detection that has been developed by a number of authors [15, [20] [21] [22] .
A. Parameter estimation using pattern-function averaging
The Fourier transform of the waveform for one Michelson LISA detector, in the stationary phase approximation (SPA), and after averaging over the pattern functions, is given bỹ
Af ÿ7=6 e i f ; I; II;
(2.1a)
where f is the frequency of the gravitational waves, M 3=5 M is the ''chirp'' mass, with M m 1 m 2 and m 1 m 2 =M 2 , and D L is the luminosity distance to the source. We have adopted the standard ''restricted post-Newtonian approximation'' for the waveform, in which the amplitude is expressed to the leading order in a post-Newtonian expansion (an expansion for slowmotion, weak-field systems in powers of v M=r 1=2 Mf 1=3 ), while the phasing f, to which laser interferometers are most sensitive, is expressed to the highest post-Newtonian (PN) order reasonable for the problem at hand. For binaries with spins aligned (or antialigned) and normal to the orbital plane, this is a valid approximation because the amplitude varies slowly (on a radiation reaction time scale) compared to the orbital period. But when the spins are not aligned, modulations of the amplitude on a precession time scale must be included. Such modulations are beyond the scope of this paper.
The phasing function f is known for point masses up to 3.5 PN order [23, 24] . But spin terms are known only up to 2PN order, so to be reasonably consistent, we will include in the phasing point-mass terms only up to this same 2PN order. The needed expression for the phasing is The structure of the phasing function is as follows: the first two terms are related to the time t c and phase c of coalescence; they are parameters that essentially establish where the waveform begins or ends. The prefactor of the expression in braces, together with the first term (''1'') inside the braces, is the standard phasing from the lowestorder quadrupole approximation of general relativity. Inside the braces is a post-Newtonian expansion in powers of v Mf 1=3 . The second term is the contribution of dipole gravitational radiation in Brans-Dicke theory. Let us define the scalar charge of the ith body by i i 1 ÿ 2s i , where 2 1=2! BD 3 2! BD ÿ1 in the limit ! BD 1, and s i is called the sensitivity of the ith body (a measure of the self-gravitational binding energy per unit mass). Then the coefficient in the dipole term is S 1 ÿ 2 =2. The fact that it is dipole radiation means that it is proportional to v ÿ2 compared to the quadrupole term, but the small size of S and the large current solarsystem bound on ! BD make this a small correction, nevertheless. The third term in the braces is the effect of a massive graviton, which alters the arrival time of waves of a given frequency, depending on the size of the graviton Compton wavelength g and on a distance quantity D, defined below. The remaining terms in the braces are the standard general relativistic, post-Newtonian terms, including spin effects.
The quantities and represent spin-orbit and spinspin contributions to the phasing, given by 1 12
whereŜ i andL are unit vectors in the direction of the spins and of the orbital angular momentum, respectively, and S i i m 2 iŜi . For black holes, the dimensionless spin parameters i must be smaller than unity, while for neutron stars, they are generally much smaller than unity. It follows that jj & 9:4 and jj & 2:5.
We assume that any modifications to the post-Newtonian general relativistic terms listed in the phasing formula that might be generated in Brans-Dicke theory or in massive graviton theories will be of order 1=! BD 1 or 1=f g 1 relative to those terms, and hence we will ignore such corrections.
In this paper we denote by M and M the observed chirp and total masses. They are related to masses measured in the source rest frame by
where z is the cosmological redshift. Henceforth, to simplify the notation we define
(2.5b)
To estimate the binary and gravitational theory parameters, we use the standard technique of parameter estimation in matched filtering. By maximizing the correlation between a template waveform that depends on a set of parameters a (for example, the chirp mass M) and a measured signal, matched filtering provides a natural way to estimate the parameters of the signal and their errors. With a given noise spectral density for the detector, S n f, one defines the inner product between two signals h 1 t and h 2 t by
whereh 1 f andh 2 f are the Fourier transforms of the respective gravitational waveforms ht. The signal-tonoise ratio (SNR) for a given h is given by
If the waveforms may be characterized by a set of parameters a , then one defines the ''Fisher matrix'' ÿ ab with components given by ÿ ab @h @ a j @h @ b :
(2.8)
In the limit of large SNR, if the noise is stationary and Gaussian, the probability that the GW signal st is characterized by a given set of values of the source parameters a is
where a a ÿ a , and p 0 represents the distribution of prior information. An estimate of the rms error, a , in measuring the parameter a can then be calculated, in the limit of large SNR, by taking the square root of the diagonal elements of the inverse of the Fisher matrix,
The correlation coefficients between two parameters a and b are given by c ab ab = aa bb p :
(2.11)
We may wish to take into account our prior information on the maximum spin; we do this in a crude way by assuming
The following derivatives ofh will be needed: 
The frequency at a given observation time is calculated using the quadrupole approximation for radiation damping.
In our calculations we assume that T obs 1 yr.
Since we anticipate setting only lower bounds on ! BD and g , we choose the nominal values $ 0 and g 0 in Eqs. (2.14) . For simplicity, we will also assume that we are estimating spins in the case where spins are dynamically small. This is generally the case for neutron stars (see [25] for discussion); for black holes, it means that we are considering only slowly rotating (nonextremal) black holes. Consequently we also choose the nominal values 0 in Eqs. (2.14) . For a zero-spatial-curvature Universe ( 0; M 1), the luminosity distance is given by
The quantity D appearing in Eq. (2.5b) is defined by ( 0) [4] ). For the Hubble constant we assume H 0 72 kms ÿ1 Mpc ÿ1 , according to the present observational estimates [26] .
A useful quantity to characterize the effect of the various terms (Brans-Dicke, massive graviton, spin couplings and PN corrections) on the evolution of the GW frequency is the number of GW cycles accumulated within a certain frequency band. This quantity is defined as:
To derive the number of cycles contributed by individual terms in the phasing, we use an expression for _ f that includes post-Newtonian GR terms, plus the Brans-Dicke and graviton-mass contributions, given by
spin terms, can be found in [25] . When we include the massive-graviton term, the frequency f and time t appearing in Eq. (2.19) should be considered as the arrival frequency and time, respectively (the number of gravitational-wave cycles due to the massive graviton being an effective number of cycles seen by the observer at the detector location).
Contributions of individual terms in the integral (2.18) are generally considered significant if they exceed one wave cycle over the observation time. For various examples of the two source targets discussed in this paper, NS inspiral into IMBH, and MBH binaries, we show the individual contributions to the number of cycles, along with the initial and final frequencies, in Tables I and II,  respectively. With the restricted post-Newtonian form forh in Eq. (2.1), we can express the SNR h 2 i p in the form
(2.20)
where angular braces mean that we are averaging over LISA pattern functions.
B. Parameter estimation without averaging over pattern functions
In this section we consider parameter estimation without averaging over the relative orientation of the binary with respect to LISA. We assume, as in [7] , that two independent Michelson outputs can be constructed from the readouts of the three LISA arms if the noise is totally symmetric. The signal measured by LISA, h t with I; II, can be TABLE II. Number of GW inspiral cycles contributed by different PN orders for high-mass BH binaries. We assume an observation time T obs 1 yr. In the bottom section of the table, we normalize the number of cycles associated with the graviton-mass term to g (first row), and to the Compton wavelength g , using Eq. (2.5b) (second row). We assume a luminosity distance D L 3 Gpc, M 0:3 and 0:7. Massive graviton ÿ209 g ÿ333 g ÿ512 g ÿ1967 g ÿ2926 g Massive graviton ÿ1063 10 15 km= g 2 ÿ478 10 15 km= g 2 ÿ260 10 15 km= g 2 ÿ28 10 15 km= g 2 ÿ15 10 15 km= g 2 TABLE I. Number of GW inspiral cycles contributed by different PN orders for different NS-BH binaries. We assume S 0:3 and an observation time T obs 1 yr. In the bottom section of the table, we normalize the number of cycles associated with the Brans-Dicke parameter to $ (first row) and to the Cassini bound ! BD > ! Cassini 4 10 4 (second row). We also show the initial and final GW frequencies, assuming an upper cutoff of 1.0 Hz for the LISA noise curve. 
PN
written as:
where rt is the relative distance between the two compact bodies, ' p; t is the waveform polarization phase [see
whereL is the orbital angular momentum unit vector, and n is a unit vector in the direction of the source on the sky. The quantities F ; are the pattern functions, defined by Eqs. (A1) and (A2). The Fourier transform of the measured signal can be evaluated in the stationary phase approximation, sinceÃ t, ' p; t and ' D t vary on time scales on the order of 1 yr (thus much larger than the binary orbital period 2=f). The result is
where to 2PN order (including also the Brans-Dicke parameter and the graviton-mass term) tf is given by In Appendix A, using equations of Ref. [7] , we show how to express the angular parts ofh f in terms of the angles S , S , L , L , which describe the source location and orbital angular momentum direction in the reference frame attached to the solar system barycenter. To evaluate the Fisher matrix we use the derivatives with respect to the parameters M, , , , c , t c , ln A, $ and g , given by Eqs. (2.13) . We also determine analytically the angular derivatives with respect to S , S , L , L using formulas given in Appendix A. The final results are lengthy and unenlightening, so we do not write them down here. We choose to evaluate the angular derivatives analytically since this is likely to be more accurate than the numerical finite-differencing adopted in Refs. [7, 8] . As before, we choose the nominal values $ g 0.
The nonaveraged SNR is ( I; II) S ; S ; L ;
(2.25)
For some binary-mass configurations we estimate the parameters using the two LISA detectors. In this case the Fisher matrix is
(2.26) and the rms error, a , in measuring the parameter a is a aa
. We expect that estimates obtained for parameters such as M, , , , $ and g when we do not pattern average will not differ qualitatively from those obtained using patternaveraged templates. As we will see, those parameters, which appear in the phasing of the signal, are relatively uncorrelated with the parameters appearing in the amplitude, such as S , S , L , L .
C. Noise curve for the LISA instrument
The non-sky-averaged noise spectral density of LISA depends on the relative orientation between the instrument and the source, and it is very hard to implement in estimating binary parameters. Generally, the LISA community has been using the so-called sky-averaged spectral density S SA h [see e.g., Ref. [27] and the LISA Pre-Phase A Report]. The sky-averaged spectral density is computed by a combination of three factors, including: (i) the raw spectral noise density S n , (ii) the gravitational-wave transfer (response) function R and (iii) the noise transfer (response) function R n . They combine together in [28] S SA h S n R n R :
In this paper we are also interested in determining binary parameters without averaging over the source location, so we are not allowed, in principle, to use S SA h . To overcome this difficulty we evaluate an effective non-sky-averaged spectral density which gives the correct result at low frequency, but is only approximately valid in the highfrequency region. In the low-frequency limit, the GW transfer function used in the LISA Sensitivity Curve Generator [14] is R 4 3 p =2 2 1=5 3=5, where the factor 3 p =2 2 comes from the LISA arms being at 60 , the factor 1/5 is due to the sky-average of the pattern functions (hF 2 ; i 1=5) and the factor 4 depends on the particular readout variable used. Since our definition of the GW signal already includes the factor 3 p =2 [see Eqs. (2.1a) and (2.23)], to obtain the effective non-sky-averaged spectral density we must multiply S SA h by and has been obtained also in Ref. [13] . We estimate whitedwarf confusion noise following [13] , which uses results from [29, 30] : the galactic contribution is approximated as
Hz ÿ1 ; (2.29) and the contribution from extra-galactic white dwarfs as
Hz ÿ1 :
We compute the total (instrumental plus confusion) noise as
Here dN=df is the number density of galactic white-dwarf binaries per unit gravitational-wave frequency, for which we adopt the estimate
f T ÿ1 mission is the bin size of the discretely Fourier transformed data for a LISA mission lasting a time T mission ; and ' 4:5 is the average number of frequency bins that are lost when each galactic binary is fitted out. The factor expÿT ÿ1 mission dN=df thus represents the fraction of ''uncorrupted'' bins where instrumental noise still dominates. At variance with [13] , in our calculations we always assume that the duration of the LISA mission T mission 1 yr, consistently with the choice we made for the observation time T obs in Eq. (2.15). The analytic root noise spectral density curve (2.31) used in this paper is shown in Fig. 1 together with the corresponding root noise spectral density curve from the LISA Sensitivity Curve Generator [14] . The SCG curve shown is obtained using the nominal values SNR 1, arm length 5 10 9 m, telescope diameter 0:3 m, laser wavelength 1064 nanometers, laser power 1:0 Watts, optical train efficiency 0:3, acceleration noise 3 10 ÿ15 ms ÿ2 Hz ÿ1=2 , and position noise budget 2 10 ÿ11 mHz ÿ1=2 , with position noise setting the floor at high frequency. The data returned by the SCG is then multiplied by 3=20 p to obtain the effective non-skyaveraged curve shown in Fig. 1 .
III. RESULTS OF PARAMETER ESTIMATION

A. Estimates using pattern-averaged templates
We begin with neutron-star inspirals into intermediatemass black holes. These are the best sources for bounding scalar-tensor gravity, for the following reasons. In scalartensor theory, dipole gravitational radiation is controlled by the difference S 1 ÿ 2 =2 in the rescaled scalar charge i between the two bodies. We recall that i 1 ÿ 2s i and
where m i is the total mass of the body, G eff is the effective gravitational constant at the location of the body (which is related to the value there of the Brans-Dicke scalar field) and the subscript N denotes that the number of baryons is held fixed. For neutron stars, s i can be substantial, and thuŝ i can differ markedly from unity ( i 0:6 ÿ 0:8), but because it is only weakly dependent on the NS equation of state and mass [31] , the difference S for NS binaries is typically S < 0:05, so NS-NS binaries do not provide interesting bounds on Brans-Dicke theory [3] (see however [6] for discussion of more general scalar-tensor theories). Because of the no-hair theorem, for black holes BH 0, so BH-BH binaries cannot be used to put bounds on the Brans-Dicke parameter via dipole radiation. Therefore, following previous papers on the subject [2,3,5], we only
. Analytic approximation to the LISA root noise spectral density curve used in this paper and in Ref. [13] (dashed line) and the curve produced using the LISA Sensitivity Curve Generator [14] (solid line). The SCG curve has been multiplied by a factor of 3=20 p to obtain an effective non-sky averaged noise spectral density (see Sec. II C). The SCG noise curve does not include the extragalactic white-dwarf confusion noise while the analytical approximation curve does.
consider NS-BH binaries as sources for this purpose. Furthermore, as shown earlier [2, 5] , inspiral into lowermass black holes gives the most promising bounds, primarily because more cycles are observed in a given period of integration in that case. The event rate of such inspirals involving intermediate-mass black holes is uncertain, but is likely to be very small [32, 33] ; only a lucky detection of such an inspiral will lead to a suitable test. White-dwarf-BH binaries could also be used to test Brans-Dicke theory, since WD 1 (s WD 10 ÿ4 ), so that S 0:5, except that tidal effects will play a role in the late stages of the inspiral, depending on the mass of the black hole (for discussion, see [2] ).
For concreteness we focus on four NS-BH binaries, setting the NS mass M NS 1:4M and considering black holes of mass M BH 400, 100, 5000, and 10 4 M . The borderline between massive and supermassive BHs is hazy, but we choose not to consider NSs inspiralling into ''supermassive'' BHs with M 10 5 -10 8 M . Even in the context of pure general relativity, our approximation that the binary orbits be circular is expected to be unreliable for these high-mass cases: for high mass ratios the binary is likely to be formed by capture of the smaller body into the larger one, and the eccentricity will not be washed out by radiation reaction. Adding eccentricity complicates the analysis to a level that is beyond the scope of this paper, and we plan to return to this problem in the future.
We first consider the inspiral of these four representative binaries within general relativity (omitting the BD term in the phase). From the initial and ending frequencies listed in Table I we see that these binaries sweep through the high frequency part of the LISA band, say from 10 ÿ2 Hz up to 1 Hz. In Table III we list the errors and correlation coefficients that are obtained when we truncate the phasing formula at various PN orders and include spin-orbit and spin-spin effects. For consistency, at 1PN order we do not include spin effects, at 1.5PN order we include only spinorbit effects, and at 2PN order we include both spin-orbit TABLE III. Errors and correlation coefficients for different NS-BH binaries at different PN orders in general relativity (no Brans-Dicke term) with and without spin-orbit and spin-spin terms. We consider one detector and set 10. and spin-spin effects. All results assume 10. In the left panel of Fig. 2 we show the corresponding luminosity distance as a function of the black hole mass M BH .
From Table III we see that the errors on all parameters increase considerably when spin effects are taken into account. This applies, in particular, to the chirp mass M and the parameter . This spin-induced degradation in parameter estimation has long been known [15] : it occurs because (in the absence of precessional effects) the parameters are highly correlated, so that adding parameters effectively dilutes the available information.
For technical reasons, when we consider alternative theories of gravity we only include spin-orbit effects. If in addition we include spin-spin effects the dimensionality of the Fisher matrix increases, and the matrix inversion required to obtain the correlation matrix appears to be unreliable. This issue is addressed in Appendix B.
In Table IV we show errors and correlation coefficients for NS-BH binaries at 2PN order when we include the BD term. For nonspinning binaries the results are similar to Table I in Ref. [5] , except that those authors used templates at 1.5PN order and did not take into account the factor 3 p =2 which appears in Eq. (2.1a). The BD term is highly correlated with M and (c M$ and c $ are both quite large). Correspondingly, the error on both M and increases by roughly 1 order of magnitude with respect to the ''general relativistic'' values listed in Table III . We also compute the BD bound obtained by inverting only the TABLE IV. Errors and correlation coefficients in Brans-Dicke theory using 2PN templates, with and without the spin-orbit term. We consider one detector and set 10. In the first row we do not consider spin terms; in the second row we also include spin-orbit effects. When we include the spin-orbit term priors do not have an appreciable effect on parameter estimation. For each binary we also give the bound ! BD;unc that could be obtained (in principle) if all the binary parameters were known and not correlated with the BD term. diagonal element ÿ $$ of the Fisher matrix. This ''uncorrelated'' bound ! BD;unc is always about 2 orders of magnitude larger than the actual value we obtain by inverting the full Fisher matrix in the absence of spins. Notice also that the BD bound decreases with increasing black hole mass. This can be partially understood by the following argument: the derivative of the GW signal with respect to $ is proportional to M ÿ1 NS M ÿ4=3 BH [see Eq. (2.13d) and use M BH M NS ]. Therefore the derivative decreases as M BH increases; the integration over the frequency range (which also depends on mass) modifies this dependence somewhat, but the final conclusion is that the higher the BH mass, the lower the Brans-Dicke bound.
From Table IV we also see that nonprecessional spin effects reduce considerably the bound on the Brans-Dicke parameter. For example, for a 1:4 1000M binary the bound decreases by a factor 10 (from 2 10 5 to 2 10 4 ) when we include the spin-orbit term. We will see later (Table VII ) that a further reduction of a factor 2 comes from inclusion of effects related to the orbital motion of LISA. We also found that including priors, that is, assuming that we know a priori from general relativity that the compact objects' spins are bounded from above (see [15] for a discussion) has completely negligible effects when we include spin-orbit terms.
In setting bounds on the graviton mass, we consider massive and supermassive binary black holes with M 10 4 -10 7 M . The derivative of the GW signal with respect to g is inversely proportional to the chirp mass M, so for comparable-mass binaries, the higher the total mass the higher the graviton-mass bound. However, as seen from the initial and ending frequencies in Table II , for M BH > 10 7 M , the binary sweeps through the low-frequency end of the LISA band below 10 ÿ4 Hz, where the predicted sensitivity of LISA is not very robust at present. The sensitivity in this low-frequency regime depends on how TABLE V. Errors and correlation coefficients for various high-mass BH binaries in general relativity using one detector, with and without spin-orbit and spin-spin terms. We set D L 3 Gpc and assume H 0 72 kms ÿ1 Mpc ÿ1 . The effect of adding priors is practically negligible in all cases. efficiently the acceleration noise can be reduced. In Sec. II B, we shall investigate the effect on the estimation of the parameters and on the graviton-mass bound, if the LISA noise curve can be trusted only down to a lower frequency f low 10 ÿ4 or 5 10 ÿ5 Hz.
In Tables V and VI we list the errors and correlation coefficients when binaries with high, comparable masses are detected using pattern-averaged templates at 2PN order. Table V shows results for pure general relativity, with spin-orbit and spin-spin effects included. Table VI shows results when a massive-graviton term and a spin-orbit term are included. As in the BD case, we do not show results for a massive graviton combined with spin-orbit and spin-spin effects, because the inversion of the large Fisher matrix in this case appears to be unreliable (see Appendix B).
As in the case of NS-BH binaries, adding new parameters causes a degradation in the accuracy with which we can estimate parameters. All the values reported in Tables V and VI are obtained for binaries at 3 Gpc. The corresponding SNR for equal-mass BH-BH systems is shown in the right panel of Fig. 2 as a function of the total mass of the binary. For M * 10 6 M we observe the appearance of a relative minimum, corresponding to the range of frequencies in which white-dwarf confusion noise dominates over instrumental noise.
Although we only report results for the currently favored values of the cosmological parameters, we verified that the upper bound on the graviton wavelength depends only weakly on the underlying cosmological model. The uncorrelated bound g;unc obtained by inverting only the diagonal element ÿ g g of the Fisher matrix is about 1 order of magnitude larger than the result obtained by inverting the full Fisher matrix (for ! BD the difference was about two orders of magnitude). Compared with the TABLE VI. Errors and correlation coefficients for various high-mass BH binaries including the massive-graviton and spin-orbit terms. We use one detector, set D L 3 Gpc and assume H 0 72 kms ÿ1 Mpc ÿ1 . We show the massive-graviton bound obtained assuming ( M 0:3, 0:7). The effect of adding priors is practically negligible in all cases. For each binary we also give the bound g;unc that could be obtained (in principle) if all the binary parameters were known and not correlated with the massive-graviton term. case of scalar-tensor theories, bounds on massive graviton theories seem to be less sensitive to correlations among different parameters.
B. Estimates using templates without pattern-averaging
To assess the effect of pattern-averaging on parameter estimation, and also to determine how accurately LISA can measure source locations and luminosity distances, we adopt the nonaveraged templates of Sec. II B, and perform Monte Carlo simulations using a population of sources across the sky. We consider in detail two systems: (i) a NS-BH binary with mass of 1:4 1000M observed with a single-detector SNR I 10 (a typical target system used to place bounds on the BD parameter), and (ii) a BH-BH binary with mass of 10 6 10 6 M at distance D L 3 Gpc (a typical system in the context of massive graviton theories).
For each of these systems we distribute 10 4 sources over sky position and orientation. We randomly generate the angles S , L in the range 0; 2 and S cos S , L cos L in the range ÿ1; 1. As in [8] , to generate random numbers we use the routine RAN2 [34] . Computing and inverting the Fisher matrix for 10 4 binaries typically takes 8-15 minutes (depending on the dimensionality of the matrix) on an ordinary laptop. This is much faster (by a factor 500) than previous Monte Carlo simulations [35] . A marginal difference with previous codes is that we compute angular derivatives analytically instead of using finite differencing, but the major improvement is due to our use of a numerical integrator based on spectral methods, namely, the Gauss-Legendre routine GAULEG [34] . Numerical experiments show that 600 points in the spectral expansion are sufficient to obtain an accuracy of one part in 10 4 in all parameter errors. This is true even when we use splines to interpolate tabulated data from the LISA Sensitivity Curve Generator, instead of adopting the analytical noise curve of Eq. (2.31). When the waveform contains a large number of highly correlated parameters, computing the inverse of the Fisher matrix can be numerically difficult. The method we used to check the robustness of our results is described in Appendix B.
Once we have computed the errors for all 10 4 binaries we group them into N bins bins depending on the (logarithmic) distribution of their errors: a binary belongs to the jth bin if the error on some parameter X satisfies lnX min j ÿ 1lnX max ÿ lnX min N bins < lnX lnX min jlnX max ÿ lnX min N bins ;
(3.2)
for j 1; . . . ; N bins . In this paper we fix N bins 50. Once we have binned the data, we normalize the binaries in each bin to the total number of binaries to get a ''probability distribution'' of the error on the variable X.
In Figs. 3 and 4 we show the resulting histograms for a NS-BH binary of 1:4 10 3 M with I 10. The plots contain various histograms for parameter estimations made when spins are absent, when spin-orbit is included, and when both spin-orbit and spin-spin are included. The histograms come in pairs: in each case the solid-line histogram refers to measurements carried out with only one data stream from the Michelson interferometer I, the dashed histogram refers to measurements made when both data streams from Michelson interferometers I and II are combined. Not surprisingly, the accuracy is improved with the use of two outputs, very roughly by a factor of order 2 p in most cases.
In Fig. 3 we plot the probability distribution for the luminosity distance D L =D L and for the angular resolution S , defined as
In Fig. 4 we plot the distributions for the chirp mass M=M, the reduced mass =, the spin parameters and , and the bound on the BD parameter ! BD . The distribution for = can be obtained from the errors on and M by error propagation, taking into account that the correlation between the two mass parameters, as defined in Eq. (2.11), can be large:
The plots contain histograms evaluated when spins are absent, when spin-orbit alone is considered and when both spin-orbit and spin-spin are included. We complement these plots by Table VII , which shows the average errors obtained summing over all binaries, both with and without the BD term. Notice that this procedure is different from averaging over the sky without taking into account the orbital motion of LISA. For each model, the first line in Table VII refers to errors obtained averaging over all binaries and using only detector I, the second line refers to an average over all binaries using both detectors, while the third line reproduces, for comparison, the corresponding pattern-averaged results from Tables III and IV. In general, the pattern-averaged procedure gives good qualitative, albeit systematically low estimates of the measurement errors, compared to the Monte Carlo results. For stellar-mass inspirals into intermediate-mass black holes, both the angular resolution and the distance determination accuracy are poor. The Monte Carlo simulation gives rather broad probability distributions, shown in Fig. 3 , with minimum error in distance around 0.1, but with a tail extending up to D L =D L 10 or so. The values for S in steradians look rather small, but when expressed in arcminutes, with S S 3283=str 1=2 60 arcmin, they are substantial. For comparison, the angular diameter of the Moon (and the Sun) as seen from the Earth is ' 30 arcmins. The angular resolution is degraded when spin terms are included, as is apparent in the top panels of Fig. 3 , while the distance determination is relatively insensitive to the inclusion of spin terms. As first noticed by Cutler [7] , both the angular distribution and the distance determination improve when we use both detectors (dashed lines) instead of a single detector (solid lines).
A noteworthy feature of the histograms in Fig. 4 is that the errors on M, , , and ! BD show a peculiar ''double-peak'' structure which is absent for the highmass BH-BH binaries. We see this double-peak structure for the first time because our fast spectral integrator allows us to simulate a sufficiently high number of binaries, but we have no analytical understanding of this behavior. The inclusion of each spin-coupling term degrades the determination of both M and by roughly 1 order of magnitude. The large reduction on the Brans-Dicke bound caused by the inclusion of nonprecessing spins is one of the main results of this work (bottom panel of Fig. 4) .
In Figs. 5 and 6 we show similar histograms for a binary of total observed mass 10 6 10 6 M at a fixed distance of 3 Gpc, and in Table VIII we display average errors ob-tained by summing over all binaries. Supermassive BH-BH binaries can be observed at much higher redshifts than NS-BH binaries. LISA's accuracy in measuring the luminosity distance D L can thus be exploited to infer the redshift z of the source, disentangling the mass-redshift degeneracy of the waveforms and allowing the determination of the masses in the source rest frame. Indeed, Hughes proposed to use gravitational-wave observations in this way to map the merger history of supermassive black holes [8] . Once we have D L =D L we can compute the error on the binary's redshift by the following procedure. If we assume that the cosmological parameters and H 0 are known with an accuracy ' 10%, we can use error propagation to get z from D L following Hughes [8] :
:
From Eq. (2.16), and assuming that M 1, we find the derivatives 
Then Eq. (3.5) can be recast in the form
Thus z is completely determined once we fix z, D L =D L , H 0 =H 0 , , . We also compute the best possible redshift determination z best that LISA could achieve assuming (perhaps not too optimistically) that by the time LISA flies the cosmological parameters are known to much better precision than LISA's distance determinations ( 0; H 0 0 in Eq. (3.5)). Figure 5 shows the resulting probability distributions for the SNR, the luminosity distance D L =D L , the redshift determinations z=z and z=z best , and the angular resolution S in steradians. Unlike the NS-BH systems considered in Fig. 3 , the probability distribution of all these quantities (at fixed distance) depends very weakly on whether we include or omit spins, so we display only the spinless results. The SNR distribution has the same shape and average value for the two Michelson detectors; it increases (on average) by a factor ' 2 p when we use both detectors. Not surprisingly, the distribution of z=z best and D L =D L are identical, apart from the scale factor from @D L =@z in Eq. (3.6a). The shape of the distribution of D L =D L is different from that shown in Fig. 3 . The distribution of z=z is dominated by the 10 percent errors assumed for the cosmological parameters, and shows only small effects of the distribution of D L =D L . At this relatively small redshift, the present uncertainty on cosmological parameters dominates over the accuracy of LISA [8] . For larger values of the redshift LISA distance and redshift measurements become less accurate, eventually dominating the error at some critical value of z that depends on the MBH masses (see Sec. III C). Figure 6 shows distributions for the chirp mass M=M, the reduced mass =, the spin parameters, and , in general relativity, and finally the bound on the graviton Compton wavelength when that term is included. The corresponding errors are listed in Table VIII . It turns out in this case that the ''patternaveraged'' approach of Sec. II A provides very good estimates of the errors on the parameters M, , g , and (in fact, these estimates are almost identical to those obtained from the Monte Carlo simulations using both detectors, as can be seen by comparing the relevant values in Tables V and VI with Table VIII ). Quite remarkably, the errors on D L , M, S and z in the case GR SO SS are exactly the same as the corresponding errors for the case MG SO, while the errors on and differ (a similar consideration applies to the angle-average calculation of Sec. III A).
The determination of M and is affected by the use of one or two detectors and by the inclusion of the spin couplings in the same way. Notice however that = is always about 2 orders of magnitude larger than M=M. The determination of the spin-spin parameter without large errors is only made possible by the use of two detectors.
When we consider alternative theories of gravity (either with a BD or a massive-graviton term) we do not include spin-spin effects because the Fisher matrix becomes ill-conditioned and noninvertible (see Appendix B). The noninvertibility of the Fisher matrix in the case TABLE VII. Average errors for a Monte Carlo simulation of 10 4 NS-BH binaries randomly located and oriented on the sky with mass of 1:4 1000M . We first consider general relativistic waveforms (GR) and add spin-orbit (SO) and spin-spin (SS) couplings, fixing the single-detector SNR I 10. Then we do the same including also a Brans-Dicke (BD) term. In each case, the first line refers to the errors obtained using only the first detector; the second line gives the errors obtained using both detectors; the third line gives pattern-averaged results from the relevant entries of Tables III and IV. Case MG SO SS is probably related to the ''degeneracy'' of the errors in the cases GR SO SS and MG SO.
C. Redshift dependence of parameter estimation
Inspiralling MBH can be observed by LISA out to enormous distances. If their masses and luminosity distances are determined with sufficient accuracy, LISA can be a source of information on the growth of structures at high redshift. In this context the redshift z can be large, and the distinction between observed masses and masses as measured in the source rest frame -given by the simple rescaling (2.4)-is important. LISA can only measure redshifted combinations of the intrinsic source parameters (masses and spins), so it cannot measure the redshift z. If cosmological parameters are known, Eq. (2.16) can be inverted to yield z as a function of D L [8] , and LISA measurements of the luminosity distance can be used to obtain black hole masses as a function of redshift, thus constraining hierarchical merger scenarios. Alternatively: if we can obtain the binary's redshift by some other means, e.g., from an electromagnetic counterpart, then LISA measurements of D L can be used to improve our knowledge of the cosmological parameters [36 -38] .
These exciting applications depend, of course, on LISA's measurement accuracy at large redshifts. In the following we look at the redshift dependence of measurement errors for two representative MBH binaries having masses 10 6 10 6 M and 10 7 10 7 M as measured in the source rest frame. (This choice is at variance with the rest of the paper, where we fix instead the values of the measured masses at the detector.) We consider a zero-curvature-universe with ( M 0:3, 0:7) and H 0 72 km s ÿ1 Mpc ÿ1 , according to the present observational estimates. We also assume that the LISA noise can be extrapolated down to f low 10 ÿ5 Hz; more conservative assumptions on f low could significantly affect our conclusions (see [18, 19] and Sec. III D). We compute the errors, as in Sec. III B, performing Monte Carlo simulations of 10 4 binaries for differ-ent values of the redshift and then averaging over all binaries. Figure 7 shows the redshift dependence of the average errors on various quantities (all errors are computed using two detectors). The left panel corresponds to the general relativistic inspiral of a nonspinning binary. In the right panel we include, in addition, SO and SS terms. Solid (dashed) lines refer to MBH binaries having mass TABLE VIII. Average SNRs and errors for a Monte Carlo simulation of 10 4 BH-BH binaries randomly located and oriented in the sky with mass 10 6 10 6 M . We fix D L 3 Gpc and, where indicated, include a massive-graviton (MG) term, spin-orbit (SO) and spin-spin (SS) couplings. We also illustrate the deterioration in parameter estimation when we assume that LISA is blind below some cutoff frequency f low . The default value for f low is 10 ÿ5 Hz. In each case, the first (second) line refers to the errors of a 10 6 10 6 M binary using one (two) detectors. We assume a cosmological model with M 0:3 and 0:7. As expected from the discussion in Sec. III B, distance determination and angular resolution are essentially independent of the inclusion of spin terms. The relative error on D L for the lower-mass binary system is 2% at z 1, 5% at z 2 and 11% at z 4. This reduction in accuracy is due to the fact that the signal spends less and less time in band as the redshift is increased. We only consider values of the redshift such that the binary spends at least one month in band before coalescing: for the case 10 7 10 7 M , this corresponds to z 4. The distance determination error for this high-mass binary grows quite rapidly, being 2% at z 1, 6% at z 2 and 21% at z 4. LISA's angular resolution is rather poor even at small redshifts, and it rapidly degrades for sources located farther away, the degradation being more pronounced for higher-mass binaries. Better distance determinations can be obtained if we are lucky enough to locate the source in the sky by some other means: for example, associating the gravitational-wave event with an electromagnetic counterpart. In this case angles and distance would be decorrelated, allowing order of magnitude improvements in the determination of D L [18] . We should also recall that in our discussion we are quoting average errors. Since the logarithmic distribution of D L =D L has a rather long tail at large values of the error (Fig. 5) , distance errors in a specific detection could actually be much smaller than the average. Unimportant as they are for distance determination and angular resolution, spin effects have a dramatic impact on mass measurement accuracy. For our low-mass system, in the absence of spins the chirp mass can be measured with fantastic accuracy up to z 10, the largest error being 0:06%. Even including SO and SS effects and ignoring precession, the error on M is only 2:5% at z 10. Errors are predictably larger for the 10 7 10 7 M binary. When we omit spin effects M can still be measured with an accuracy better than a percent out to z 4, but when we include SO and SS terms the error at z 2 is already 6%. Our ability to measure the mass of both black holes is severely limited by the error on the reduced mass , which is always about 2 orders of magnitude larger than the error on M. Errors on for nonspinning binaries of 10 6 10 6 M are remarkably small if we ignore spin effects: at z 10 the error is only 0.6%. Including both SO and SS terms things get much worse, and even at z 1 the reduced mass error is 6%.
Case
For 10 6 10 6 M general relativistic nonspinning binaries, a least-square fit of mass and distance errors in the interval z 2 1; 10 yields:
M=M ÿ1:1476 7:2356z 5:7376z 2 10 ÿ6 ; = ÿ0:61 431 1:9018z 0:43 721z 2 10 ÿ4 ; D L =D L ÿ0:65 651 2:6935z 0:061 595z 2 10 ÿ2 :
It is important to remark here that in our study we are ignoring precessional effects. These effects induce modulations in the waveform, possibly improving the mass measurements in a significant way [10] . The study of precession is therefore crucial to assess LISA's ability to measure MBH masses in galactic mergers. Such a study is beyond the scope of this paper.
D. Effect of LISA's low frequency sensitivity on parameter estimation
High-mass binaries sweep through the low-frequency region of the LISA band, where the LISA sensitivity will ultimately depend on design choices for the acceleration noise. To explore the possible consequences of such design choices, we studied the effects on the accuracy of parameter estimation if LISA were completely blind below some cutoff frequency f low . In all our analyses to this point, we chose the default value for f low to be 10 ÿ5 Hz, but we now consider higher cutoff frequencies 5 10 ÿ5 Hz and 10 ÿ4 Hz: Table VIII shows that if f low 5 10 ÿ5 Hz , parameter estimation for binaries of 10 6 10 6 M is essentially unaffected. But if f low 10 ÿ4 Hz, the accuracies of estimating all quantities are degraded by factors between two and six, both for GR and for massive graviton theories.
Since binaries of larger mass sweep through a lower frequency band, we expect the degradation to be even worse for such binaries. To be more quantitative, we analyzed what happens when we increase the LISA cutoff frequency f low from 10 ÿ5 Hz to 10 ÿ4 Hz for massive black-hole binaries having total mass larger than 10 5 M . Similar preliminary investigations of the effect of low-frequency LISA noise on the distance determination of massive black holes can be found in [18] . In this subsection we consider for concreteness nonspinning, equalmass binaries. All quoted values for the average errors have been obtained using Monte Carlo simulations with two detectors.
The results are summarized in Fig. 8 , where we show errors computed both in general relativity (left panel) and in massive graviton theories (right panel). In the plots we display results for cutoff frequencies f low 10 ÿ5 Hz and f low 10 ÿ4 Hz.
Consider first the distance determination accuracy D L =D L one could achieve. For general relativistic binaries, as we move the low-frequency cutoff f low , D L =D L grows from 1.1% to 1.8% for a binary of 10 6 10 6 M . If we double the mass of each black hole, the corresponding increase is roughly twice as large-from 1.0% to 2.6%. For larger values of the mass and f low 10 ÿ4 Hz the binary does not spend much time in band, and the inversion of the Fisher matrix becomes problematic (see Appendix B). The angular resolution is even more sensitive to the low-frequency cutoff. As the cutoff f low goes from 10 ÿ5 Hz to 10 ÿ4 Hz, S (in steradians) goes from 9:7 10 ÿ5 to 4:8 10 ÿ4 for a binary of 10 6 10 6 M . If we double the mass of each black hole S correspondingly goes from 8:4 10 ÿ5 to 1:8 10 ÿ3 , increasing by a factor 10 2 . We note another interesting feature emerging from Fig. 8 . If present design choices allow LISA to be sensitive down to f low 10 ÿ5 Hz, the distance error and angular resolution (at least for D L 3 Gpc) will be decreasing functions of M in the supermassive black-hole mass range M 2 10 6 ÿ 10 7 M . This feature could be used to study the merger history of black holes at galactic centers, and to map structure formation in the early universe. Mass determinations are also strongly affected by lowfrequency sensitivity, as observed in Refs. [18, 19] . For a 10 6 10 6 M binary in general relativity, a lower cutoff at f low 10 ÿ4 Hz increases the error on the chirp mass by a factor 3 for a 10 6 10 6 M binary, while the error in correspondingly increases from 0.0066% to 0.012%. An error of the order of a percent on mass determination during coalescence could be a problem for the identification of ''golden binaries'' (binaries for which we can measure the total mass-energy lost to GWs [11] ) with LISA. If in addition to a cutoff at f low 10 ÿ4 Hz we also include a massive-graviton term, the errors for binaries of total mass 10 7 M become unacceptably large: 0:6% for the chirp mass and 4% for the reduced mass.
Next we consider how the low-frequency cutoff affects bounds on the graviton mass. The results are shown in Fig. 9 . It turns out that the bound on the graviton Compton wavelength is affected by low-frequency noise in the same way as the accuracy in distance and redshift determination . As we increase f low from 10 ÿ5 Hz to 10 ÿ4 Hz, the bound on g (in units of 10 15 km) drops from 49.4 to 29.5 for a binary of 10 6 10 6 M . For an equal-mass BH-BH binary of total mass 10 7 M the corresponding reduction is from 67.9 to 10.3. Notice also that when we pick f low 10 ÿ4 Hz the bound on g has a maximum for equal-mass binaries of total mass 10 6 M . Being sensitive below 10 ÿ4 Hz is therefore important to put bounds on the graviton mass through observations of binaries more massive than this.
In conclusion, design choices for the LISA lowfrequency acceleration noise will have a dramatic impact on our ability to (i) locate massive black-hole binaries in the sky, (ii) measure their masses, (iii) use them as standard cosmological candles, and (iv) bound the mass of the graviton.
IV. CONCLUSIONS
In this paper we analyzed how the inclusion of spin couplings affects parameter estimation in observations of binary coalescence, and the bounds that can be placed on alternative theories of gravity, such as the Brans-Dicke and massive graviton theories. Extending previous investigations [2] [3] [4] [5] , we also took into account the dependence on the four angles describing the source location and the direction of the (orbital) angular momentum, performing large-scale Monte Carlo simulation of 10 4 binaries.
We found that the bound on the Brans-Dicke parameter (and therefore also the bound on parameters describing more general scalar-tensor theories, such as those considered in Ref. [6] ) is significantly reduced by spin-orbit and spin-spin couplings, while the bound on the graviton Compton wavelength is only marginally reduced. As expected, we found that the inclusion of the four orientation angles does not alter the estimation of the binary masses and spins. The reason is that the orientation angles are rather uncorrelated with those parameters, appearing only in the GW amplitude and not in the phase. For the same reason, we found that spin-orbit and spin-spin couplings have little effect on the angular resolution, distance determination and hence on the redshift determination for massive black-hole binaries. For NS-IMBH binaries, these extrinsic parameters are determined rather poorly with or without spin effects. For massive black-hole binaries, Monte Carlo simulations show that LISA can provide reasonably accurate distance determinations out to z 2 ÿ 4 for black hole masses & 10 7 M .
The cosmological reach of LISA will ultimately depend on design choices for the acceleration noise. The reason is that for massive binaries the GW signal sweeps through the low-frequency LISA band. By default we made a rather optimistic assumption that the LISA noise curve can be extrapolated down to a lower frequency of 10 ÿ5 Hz. We then carried out an explorative survey to see how a higher (more conservative) low-frequency cutoff affects the determination of the binary parameters for high-mass configurations. We found that the cutoff will have a dramatic impact on our ability to (i) locate black-hole binaries of mass * 10 6 M in the sky, (ii) measure their masses, (iii) use them as standard cosmological candles, and iv) bound the mass of the graviton. Our results are compatible with similar investigations which have appeared in the literature [18, 19] .
Our analysis was limited to nonprecessing binaries. Vecchio [10] has shown that for comparable high-mass BHs [e.g., 10 6 10 6 M ] modulational effects can decorrelate some of the binary parameters, allowing a better estimation of masses and distances with respect to the case when spins are aligned or antialigned with the (orbital) angular momentum. At this stage it is not clear if modulational effects can improve the accuracy in estimating binary parameters also for small mass-ratio binaries (e.g., a NS and an IMBH), and allow one to put more stringent bounds on alternative theories of gravity. Only a direct calculation can clarify this point, and we plan to tackle it in the near future.
When describing stellar mass objects inspiralling into intermediate-mass black holes, we only considered circular orbits. This assumption is barely justified, especially for high mass ratios. In the future we plan to investigate how the results change when eccentricity is included.
Finally, in this paper we have focused on statistical errors, implicitly assuming that the waveform is known with high enough accuracy to disregard systematic errors. However, massive binaries are likely to be detected with rather high SNR, on the order of 100. If this is the case, it might well be that spinning waveforms at 2PN order are not sufficiently accurate to permit one to neglect systematic over statistical errors.
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APPENDIX A: ESSENTIAL FORMULAS FOR THE LISA RESPONSE TO NONPRECESSING SPINNING BINARIES
In this Appendix we write down the essential formulae of Ref. [7] which we use in Sec. II B. (We refer the reader to Ref. [7] for further details and notation.)
Unbarred quantities refer to the rotating LISA-based coordinate system, while barred quantities refer to the fixed solar-system-based coordinate system. Assuming as in Ref. [7] that the noise is symmetric in each pair of LISA arms, we can reduce LISA to two independent Michelson interferometers with equilateral triangle shape. In this approximation the LISA beam-pattern functions for the two Michelson outputs are the same as for a single detector, except for the factor 3 p =2 which already appears in Eq. (2.23), and are given by 
In the above equations we have denoted by S ; S the source location and by S the polarization angle defined as tan S t L z ÿ L nz n n L z ; (A3) L, z and ÿn being the unit vectors along the orbital angular momentum, the unit normal to LISA's plane and the GW direction of propagation, respectively. The waveform polarization and Doppler phases entering the GW signal (2.23) are ( I; II):
with R 1 AU and t 0 2t=T. Here T 1 year is the orbital period of LISA, and 0 is a constant that specifies the detector's location at time t 0. In this paper we always assume that there is no precession, soL a points in a fixed direction L ; L . To express the angles S ; S ; S evaluated with respect to the rotating detector-based coordinate system as function of the angles S ; S ; L ; L evaluated with respect to the fixed solar-system based coordinate system, we use the following relations [7] :
where 0 is a constant specifying the orientation of the arms at t 0. Following Cutler [7] , we take 0 0 and 0 0, corresponding to a specific choice of the initial position and orientation of the detector. In addition, z n cos S ; 
APPENDIX B: SUBTLETIES IN THE INVERSION OF THE FISHER MATRIX
In the paper we evaluate the Fisher matrix using both a MATHEMATICA and a FORTRAN code. In the FORTRAN code we normally perform the numerical inversion of the Fisher matrix using the LU decomposition, which expresses the Fisher matrix as the product of a Lower-triangular and an Upper-triangular matrix (cf. Sec. 2.3 of [34] ). To check the result we simply multiply the inverse by the original matrix. In this way we obtain a numerical ''identity matrix'' whose elements I num ij will be slightly different from the Kronecker symbol ij . We can measure this deviation from the ''true'' identity matrix defining a small quantity inv max i;j jI num ij ÿ ij j:
We found that extreme mass-ratio inspirals are more likely to yield an ill-conditioned Fisher matrix. Therefore, as a rule of thumb, we consider the inversion successful if the parameter inv < 10 ÿ3 (for NS-BH binaries) and if inv < 10 ÿ4 (for massive BH-BH binaries). In Mathematica we perform a similar check using the built-in matrix inversion routine.
Matrix inversion generally becomes more difficult as the number of elements of the Fisher matrix increases. In particular, the LU decomposition and the Mathematica inversion routine fail when we consider alternative theories of gravity including both spin-orbit and spin-spin terms. To understand the reason for this failure we can use a principal component analysis [39] , also known as singular-value decomposition (see eg. Sec. 2.6 of [34] ). We decompose the Fisher matrix F as
F UWV T ;
(B2) U and V being orthogonal matrices, and V T being the transpose of V. The matrix W is diagonal with positive or zero elements w j (the singular values). The inverse of F is then given by
where W ÿ1 is a diagonal matrix whose elements are the reciprocals 1=w j of the singular values. Numerically speaking, a matrix is not invertible when the reciprocal of its condition number (defined as the ratio of the largest singular value to the smallest singular value) approaches the machine's floating-point precision. When we consider alternative theories including both spin-orbit and spin-spin terms, the matrix becomes noninvertible in this sense: our numerical experiments show that one of the singular values approaches zero. In principle, even in this case we can still obtain a ''pseudoinverse'': the matrix which is closest to the ''real'' inverse in a least-square sense [34] . To do this it suffices to replace 1=w j by zero whenever w j is zero in Eq. (B3). However, in this paper we decided not to quote results obtained in this way. We estimate the binary pa-
